Hoyle GW. Abnormal epithelial structure and chronic lung inflammation after repair of chlorine-induced airway injury.
pneumonitis; lung repair; foamy macrophage; cytokines CHLORINE IS A WIDELY USED industrial compound employed in water purification and bleaching operations and in the production of plastics and a variety of other chemicals. Chlorine is highly toxic when inhaled, producing irritation and injury to the respiratory tract. Human exposure leading to lung injury can occur through accidental release in industrial and household settings (48) . Multiple train derailments leading to chlorine release and human casualties from chlorine inhalation have occurred (20, 46, 47) . In addition, chlorine has been used as a war gas and is still considered a chemical threat agent, as large numbers of casualties could result if large amounts of the gas were released in an urban area (15) .
Inhalation of chlorine produces an oxidative damage to the lung and at high enough levels results in acute lung injury characterized by the death of epithelial cells lining the respiratory tract, epithelial/endothelial barrier disruption, pulmonary edema, hypoxemia, and pneumonitis (48) . Because of its highly reactive nature, chlorine preferentially damages the airways and typically produces alveolar injury only at higher doses. Chlorine inhalation can also produce delayed or chronic effects on the lung. In humans, many exposed individuals make a full recovery following chlorine-induced acute lung injury, whereas others develop chronic respiratory symptoms, dyspnea, and impaired pulmonary function (11, 24, 28, 37, 43) . Development of this constellation of pulmonary abnormalities following an acute exposure to a high dose of a respiratory irritant has been termed reactive airways dysfunction syndrome or acute irritant-induced asthma (5, 28) . The underlying processes by which chronic disease develops following recovery from exposure to chlorine or other irritant gases are largely unknown although some studies have provided evidence for long-lasting structural changes to the airways (3, 11, 43) .
Studies in animal models have provided information on the repair of the respiratory tract following chlorine injury (10, 29 -31, 45, 49) . Repair of the pseudostratified airway epithelium is carried out by basal epithelial cells (29, 31, 49) . Inadequate repair or chronic inflammation after chlorine exposure is associated with the development of airway fibrosis (29, 31, 49) . We previously described differences in the efficiency of epithelial repair and susceptibility to chlorine-induced airway fibrosis in inbred mouse strains (29) . After chlorine exposure, FVB/NJ mice showed inefficient repair of the pseudostratified epithelium of the larger airways, and these mice developed pronounced fibrosis of the distal trachea, mainstem bronchi, and lobar bronchi. In contrast, A/J mice had rapid epithelial repair and did not develop significant fibrosis. A/J mice had abundant basal cells in larger airways that mediated epithelial repair, whereas these cells were scarce in FVB/NJ mice at sites where fibrosis developed. In FVB/NJ mice, fibrosis developed rapidly and was progressive, which precluded study of long-term recovery in these animals. In the present study, recovery of the lungs after chlorine exposure in A/J mice was examined for up to 8 wk. The results show that, although epithelial injury was repaired quickly, multiple pulmonary abnormalities, including abnormal distribution of airway epithelial cells, pneumonitis, increased cytokine production, and plasma protein leakage, persisted for at least 8 wk after chlorine exposure. tm1(cre/ERT2)Tyj /J; stock no. 008463] mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Male A/J mice 8 wk of age were housed for 1-2 wk and were then randomly assigned to chlorine-exposed, sham-exposed, or unexposed groups. Chlorine exposure was performed as described in our previous publications (17, 18, 44) . Mice were exposed to a target dose of 240 parts per million (ppm)-h chlorine in air (240 ppm for 1 h) followed by a 10-min period of airflow to purge the chamber before opening. The mean deviation between the target dose and the actual values was 2.7%. Sham exposure was performed using the same procedure except that the mice were exposed to air instead of chlorine.
MATERIALS AND METHODS

Mice
Lung histology. Mouse lung tissues were collected at days 7, 14, 28, and 56 after chlorine exposure and fixed by inflation with 10% neutral-buffered formalin at a pressure of 25 cm H 2O. During embedding, the left lung and the inferior lobe of the right lung were oriented to produce cross sections of the main lobar bronchi, and the superior and middle lobes of the right lung were sectioned longitudinally. Sections were cut at a thickness of 5 m and stained with hematoxylin and eosin.
Immunofluorescent staining. To observe the repair of bronchial epithelium after chlorine exposure, immunofluorescent staining for antigens specific for airway epithelial cell types was performed. Scgb1a1 was used as a marker for club (Clara) cells, acetylated tubulin (AcTub) was used as a marker for ciliated cells, and keratin 5 (K5) was used as a marker for basal cells. Staining was performed as described previously (29) using the following primary antibodies: goat antibody to Scgb1a1 (1:1,000; kind gift of Dr. Gurmukh Singh, VA Medical Center, Pittsburgh, PA); mouse antibody to AcTub (1:20,000; cat. no. T7451; Sigma-Aldrich, St. Louis, MO); and rabbit antibody to K5 (1:1,000; cat. no. PRB-160P; Covance, Princeton, NJ). Secondary antibodies labeled with Alexa Fluor dyes were purchased from Invitrogen Life Technologies (Grand Island, NY) and used at a dilution of 1:500. Slides were mounted with Prolong Gold Antifade Reagent with 4=,6-diamidino-2-phenylindole dihydrochloride (Invitrogen Life Technologies). Labeled sections were viewed by epifluorescence or by laser-scanning confocal microscopy.
Clonal analysis of repaired airway epithelium was performed by breeding Confetti mice containing cre-activatable fluorescent protein genes with transgenic mice expressing cre from a ubiquitous promoter. Confetti/cre mice were treated with tamoxifen (5 mg/mouse ip, every 3-4 days for a total of 5 injections), exposed to chlorine, and analyzed 7 days after chlorine exposure. Lungs were inflated with 1 ml of PBS containing 1% paraformaldehyde and 1% low-meltingpoint agarose. After 5 min at room temperature, the lungs were excised and immersed in PBS containing 1% paraformaldehyde at 4°C. After 4 h, the solution was changed to PBS containing 30% sucrose, and the tissues were placed at 4°C overnight. The lungs were frozen in optimal cutting temperature compound and stored at Ϫ80°C until 10-m frozen sections were cut. Sections were immunostained for Scgb1a1 and AcTub as described above and then imaged for the immunolabeled proteins and activated fluorescent proteins. Analysis was restricted to activation of the tdimer2(12) red fluorescent protein, as this reporter provided the most robust signal. The green, yellow, and blue fluorescent proteins faded rapidly, so these signals were removed by photobleaching before imaging immunostained Scgb1a1 labeled with Alexa Fluor 350 or AcTub labeled with Alexa Fluor 488. The cre induction procedure labeled only a small fraction (Ͻ0.5%) of lung epithelial cells with tdimer2 (12) , so clusters of adjacent labeled cells could be assumed to be clonally derived.
Morphometric analysis. The expression of Scgb1a1 and AcTub in the epithelium of lobar bronchi and the volume fraction of lung parenchyma with chronic inflammation in the A/J mice were quantified by morphometric analysis. Images containing the entire circumference of cross sections of lobar bronchi from the left lung were digitally captured and analyzed using Image J (http://imagej. nih.gov/ij/) to determine the total area of Scgb1a1 or AcTub immunostaining normalized to the perimeter of the airway lumen. The volume fraction of lung parenchyma involved with chronic inflammation was measured by overlaying a grid of points over images captured from sections stained with hematoxylin and eosin, counting points over inflamed areas of lung parenchyma, and dividing by the total number of points over lung parenchyma. The parenchyma was defined as lung tissue (including air spaces) not containing airways or blood vessels.
BAL and BAL fluid analysis. Bronchoalveolar lavage (BAL) was performed on days 4, 7, 14, and 28 after chlorine exposure as described previously (44) . The protein concentration in BAL fluid was measured by Bradford method using Bio-Rad Protein Assay (Bio-Rad, Hercules, CA). The levels of cytokines/chemokines in BAL fluid were measured using MILLIPLEX MAP Mouse Cytokine/Chemokine kit (Millipore, St. Charles, MO) by which 32 mouse cytokines and chemokines can be quantified simultaneously based on the Luminex xMAP technology. Cells in BAL fluid were counted using a hemacytometer, and cell differential was assessed following staining of cytospin slides with Diff-Quik (Dade Behring, Newark, DE). Macrophages with enlarged and engorged cytoplasm and with a foamy and vacuolated appearance were counted as foamy macrophages.
Bacterial culture and species identification. Mouse lung tissue was collected at day 28 after chlorine exposure, and the whole lung was homogenized for bacterial culture using aseptic technique. Lungs were homogenized in 1 ml sterile PBS, and the homogenate was sieved using tissue filters. Aliquots (25 l) of the homogenates were plated on Luria-Bertani (LB) agar, Brucella agar, brain-heart infusion agar, heart infusion agar, tryptic soy agar supplemented with 5% defibrinated sheep blood, or blood agar no. 2 plus 5% defibrinated sheep blood. LB and Brucella plates were grown for 48 h at 37°C at ambient CO 2, whereas the other plates were grown at 37°C with 5% CO2. To recover any intracellular microbes, aliquots of the homogenates were brought to a concentration of 1% Triton X-100 before plating separate cultures. Following enumeration of colonies with different morphologies, chromosomal DNA was prepared for amplification of 16S ribosomal DNA. Sequencing of amplified DNA was used to identify bacterial species. Data are presented for culture on LB medium in air without Triton X-100, but similar results were obtained for cultures under the other conditions. Data analysis. Data from bacterial culture experiments were analyzed by Kruskal-Wallis test. Other data were analyzed using ANOVA with Bonferroni correction for multiple comparisons (GraphPad Prism; GraphPad Software, La Jolla, CA). If necessary, transformation of data was used to achieve normally distributed data before ANOVA analysis. The criterion for statistical significance was set at P Ͻ 0.05.
RESULTS
Repair of injured airway epithelium in A/J mice by basal cells.
Inhalation of a dose of 240 ppm-h chlorine in mice produces a severe injury to larger airways and the sloughing of tracheal and bronchial epithelium. This results in the loss of virtually all club and ciliated cells, which is evident 1 day after chlorine exposure. We showed previously that A/J mice exhibited rapid repair of tracheal and bronchial epithelium, which appeared to be carried out by surviving airway epithelial basal cells with restoration of a pseudostratified epithelium by 7 days after exposure (29) . Here we provide additional evidence for the growth and differentiation of basal cells during repair of airway epithelium after chlorine injury by examining transitional stages of differentiation on days 5 and 6 after chlorine exposure. Basal cells in uninjured lungs are small, pyramidalshaped cells that reside close to the basement membrane and are not exposed to the luminal epithelial surface. During repair after chlorine injury, cells expressing the basal cell marker K5 initially spread and form squamous cells covering the basement membrane. Subsequently, strong K5 staining is observed in cuboidal proliferating cells with both basal and luminal locations by day 4 after chlorine exposure (29) . Dual immunofluorescent staining for K5 in conjunction with Scgb1a1 or AcTub was used to probe for the presence of transitional cells expressing both basal and club or ciliated cell markers (Fig. 1) . In unexposed mice, Scgb1a1 and AcTub staining was observed in cells having luminal locations, with K5 staining present in underlying basal cells (Fig. 1, A and B) . Day 5 after chlorine exposure was the first time at which cells staining for Scgb1a1 or AcTub could be observed in regenerating epithelium, and these were all in luminal locations expected for club and ciliated cells (Fig. 1, C and 1D ). At this stage, K5 staining was observed in cells with both basal and luminal locations; some luminal K5-stained cells appeared to have faint Scgb1a1 or AcTub staining. At day 6 after chlorine exposure, Scgb1a1 staining was stronger and was present in cells with the typical shape and location of club cells (Fig. 1E) . Some luminal cells with typical club cell morphology clearly showed colocalization of K5 and Scgb1a1, suggestive of a transitional stage of differentiation between basal progenitor and club cells. Luminal cells that appeared to be stained with both K5 and AcTub were also observed at this time ( Fig. 1F) . At day 7 after chlorine exposure, injured airways were typically repaired to a pseudostratified epithelium with abundant club and ciliated cells (29) , but some areas with lagging repair, as evidenced by residual luminal K5 staining, were observed (Fig. 1, G and H) . In these areas, luminal K5-stained cells with apparent colocalization with Scgb1a1 or AcTub were still observed. These observations provide additional evidence supporting basal cells as progenitor cells that carry out epithelial repair after chlorine injury.
Airway epithelial structure after extended recovery. Airway epithelial structure was examined after longer periods of recovery to determine whether there were any long-term abnormalities that persisted. Epithelium of lobar bronchi from unexposed mice showed a normal pseudostratified epithelium (Fig. 2, A and F) . At day 7 following chlorine exposure, the injured epithelium was repaired, but areas with alternating thick and thin epithelial zones could be observed (Fig. 2B) . These gradually resolved, and, by 56 days after exposure, the airway epithelium appeared normal by hematoxylin and eosin staining (Fig. 2, C-E) . To garner a more detailed assessment of epithelial structure during this time, immunostaining for Scgb1a1 and AcTub was performed. Simultaneous labeling for both antigens revealed that, in the epithelium from unexposed mice, club and ciliated cells were uniformly interspersed (Fig. 3, A and G) . In contrast, many areas of the epithelium 7 days after exposure contained clusters of cells containing only ciliated (Fig. 3B) or club (Fig. 3C ) cells. The clustered distribution of club and ciliated cells was more prominent at day 7 after chlorine exposure, with a trend toward reversion to a normal distribution over time (Fig. 3, D-F) . However, even at day 56 after exposure, some abnormal clustering of cells was still observed (Fig. 3F ). Morphometric analysis was used to assess the total amount of Scgb1a1 and AcTub staining (Fig.  4) . At day 7 after exposure, no difference in the total amount of Scgb1a1 or AcTub staining was observed. This indicated that the altered grouping of cells did not affect the overall amount of staining; hence areas with more ciliated cells appeared to be counterbalanced by other areas with more club cells. This analysis showed a trend of increased Scgb1a1 and AcTub staining from day 7 to day 28, but, by day 56 after exposure, these were returning toward normal values.
One mechanism that could produce the observed cell clustering would be if contiguous groups of club and ciliated cells were clonally derived from surviving basal cells whose progeny became committed to the same cell type. This mechanism would predict that clonally derived cell groups similar in the size to the contiguous groups of cells would be observed and that these would contain only club or only ciliated cells. To investigate this, we performed an analysis of clonally derived cells using Confetti mice (41) . These mice contain fluorescent protein transgenes whose expression can be stochastically activated via tamoxifen-inducible cre production to perform clonal analysis. Confetti/cre mice were treated with tamoxifen and exposed to chlorine, and then lungs were collected for analysis 7 days after exposure; unexposed Confetti/cre mice were treated in parallel (Fig. 5) . The airway epithelium of unexposed Confetti/cre mice treated with tamoxifen contained single cells that were fluorescently labeled, indicative of the low turnover and proliferation rate in uninjured lung epithelium (Fig. 5A ). In the airway epithelium of chlorine-exposed mice, clusters of labeled cells were commonly seen, reflecting clonal expansion of surviving basal cells during epithelial repair (Fig. 5, B and C) . These clusters were small, usually consisting of section profiles containing 2-8 cells, and no clones as large as the typical contiguous groups of club or ciliated cells seen following epithelial repair were observed. Simultaneous immunostaining for Scgb1a1 and AcTub revealed the presence of clones containing club cells without ciliated cells (7% of clones), ciliated cells without club cells (29%), or mixed clones containing both cell types (63%). The results indicate that the contiguous clusters of club and ciliated cells observed after repair of chlorine-induced epithelial injury are not clonally derived.
Chronic inflammation following recovery from airway injury. Although a pseudostratified bronchial epithelium was reestablished by 7 days after chlorine exposure, chronic inflammation developed with focal infiltration of macrophages and polymorphonuclear leukocytes (PMNs) into alveolar spaces and peribronchial or peribronchiolar areas (Fig. 6) . Infiltrating macrophages were enlarged with a vacuolated cytoplasm and appeared similar to what have been termed foamy macrophages (25) . Some areas of pneumonitis contained primarily or exclusively macrophages (Fig. 6, C and D) , whereas others showed a mixed infiltrate with PMNs (Fig. 6, E and F) .
In some mice, granulomatous lesions (Fig. 6G ) and bronchiolization of alveoli (Fig. 6H) were also observed. Pneumonitis was observed in most animals examined at 7, 14, 28, and 56 days after exposure, but this was not observed in unexposed or sham-exposed mice. There appeared to be a tendency for increased involvement of multiple lobes with time after exposure. Morphometric analysis of inflammation in the right lower lobe, which was the lobe most affected, showed increasing involvement through 28 days but no further increase at 56 days (Fig. 7) .
Lavage fluid parameters. BAL was performed in mice at different times after chlorine exposure to measure inflammatory cells and soluble mediators of inflammation. The total number of macrophages did not differ between chlorine-exposed and unexposed mice 14 or 28 days after exposure. Foamy macrophages were only observed in significant numbers in chlorine-exposed groups and were present in similar numbers at both time points (Fig. 8A) . We showed previously that the number of BAL neutrophils in chlorine-exposed A/J mice peaked at day 4 after exposure and began to decline by day 7 although they remained significantly higher than in unexposed mice (29) . BAL neutrophils continued to be elevated in chlorine-exposed mice 14 and 28 days after exposure (Fig. 8B) , which was consistent with the presence of PMNs observed histologically at these times. BAL protein content, indicative of injury and loss of epithelial-endothelial barrier function, was increased at day 4 and remained elevated at substantially similar levels through day 28 (Fig. 9) . This result suggests the existence of a sustained chlorine-induced injury that is not repaired over the course of 28 days following Fig. 2 . Time course of histology in lobar bronchi of chlorine-exposed mice. A/J mice were exposed to chlorine, and histological analysis was performed on lungs collected 7 days (B), 14 days (C), 28 days (D), and 56 days (E) after exposure. To control for possible age effects, lungs from unexposed mice the same ages as day 7 chlorine-exposed (A) and day 56 chlorineexposed (F) were analyzed. Lung sections were stained with hematoxylin and eosin. As early as 7 days after chlorine exposure, the injured epithelium was repaired, and the airway was lined with a pseudostratified epithelium. Scale bar in F represents 40 m for all panels.
exposure. A panel of 32 cytokines was measured in BAL fluid recovered from chlorine-exposed mice 4, 7, 14, and 28 days after exposure. Most of the analytes [eotaxin, granulocytemacrophage colony-stimulating factor, IFN-␥, IL-1␣, IL-1␤, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17, IP-10, leukemia inhibitory factor, monocyte chemoattractant protein-1, macrophage colonystimulating factor, monokine induced by IFN, macrophage inflammatory protein (MIP)-1␣, MIP-1␤, MIP-2, RANTES, and TNF-␣] did not change significantly at these times following chlorine exposure (not shown). Levels of CXCL1/ KC, CXCL5/LPS-induced CXC chemokine, granulocyte colony-stimulating factor (G-CSF), and VEGF all steadily increased over time to 28 days in concert with a sustained pattern of inflammation and injury after chlorine exposure (Fig. 10) .
Bacterial burden in the lungs of chlorine-exposed mice. The high dose of chlorine used in this model produces substantial injury to airway epithelium and temporarily disrupts the barrier that normally protects the respiratory tract. Thus we considered it possible that colonization of the lung by opportunistic microorganisms might produce the sustained inflammation that was observed. To address this possibility, lungs were removed from chlorine-exposed mice and homogenized using aseptic technique, and the homogenates were cultured to detect the presence of bacteria in the lungs. Four distinct bacterial colony morphologies were observed, and these were identified as Staphylococcus xylosus, Lactobacillus johnsonii, Klebsiella oxytoca, and Enterobacter sp. through sequencing of PCRamplified 16S rDNA sequences. No significant differences were observed in overall or species-specific bacterial numbers between chlorine-exposed and sham-exposed mice, indicating that the chronic inflammation observed following chlorine exposure was not caused by increased bacterial colonization of the lungs (Fig. 11) .
DISCUSSION
Chlorine is considered a chemical threat agent that could be intentionally released to produce acute lung injury. Chlorine is also a widely used industrial chemical, and accidental releases of chlorine have resulted in human exposures and lung injury. Many victims of chlorine inhalation, even those requiring hospitalization for lung injury, recover normal lung function (20) . However, other individuals exposed to a single, high dose of chlorine appear to develop chronic respiratory symptoms and functional impairment known as acute irritant-induced asthma (11, 27, 28, 43) . Long-term pulmonary function abnormalities that have been observed following chlorine exposure include decreased FEV 1 (1, 11, 27) , increased airway resistance (22) , airway hyperreactivity (3, 11, 27, 28, 43) , and decreased residual volumes (37) . In addition to producing chronic effects on pulmonary function, chlorine exposure may also cause long-lasting inflammation (11, 24, 38) and structural changes in the lungs, including epithelial desquamation and airway fibrosis (3, 11, 24, 38) . The long-term consequences of chlorine exposure are likely governed by multiple factors, such as severity and duration of exposure, genetic susceptibility, preexisting pulmonary disease, and exposures to other pulmonary toxins (e.g., cigarette smoking). We have identified inbred mouse strains in which the ability to repair chlorine-induced airway injury and the susceptibility to airway fibrosis appear to be under genetic control (29) . The present study shows that A/J mice, which after chlorine exposure show a rapid and widespread restoration of a pseudostratified epithelium and do not develop airway fibrosis, nevertheless exhibit pulmonary abnormalities that are not resolved 8 wk after exposure. Investigation of these processes may shed light on potential mechanisms by which lung disease in patients with irritant-induced asthma is initiated and maintained.
Exposure to chemicals that produce cellular damage to the respiratory tract appears to trigger a common repair pathway to restore the pseudostratified airway epithelium. This process, which has been shown to occur following exposure to naphthalene (8, 16) , sulfur dioxide (36) , and chlorine (29 -31) , involves the spreading of surviving basal cells to cover denuded areas of the basement membrane, the proliferation of basal cells, and differentiation to produce club and ciliated cells. Following injury caused by naphthalene (8, 16) or sulfur dioxide (36) , the newly repaired epithelium contains club and ciliated cells shown to be derived from basal cells by lineage-tracing techniques. Here we provide evidence for transitional cells that express both basal cell and club or ciliated cell markers during epithelial repair consequent to chlorine-induced airway injury. This occurred during a narrow temporal window 5-6 days after chlorine exposure. Although epithelial repair was efficient in the sense that a pseudostratified epithelium was restored by 7 days after exposure, the resulting epithelium was not normal in that it contained contiguous clusters of club and ciliated cells rather than the uniformly interspersed distribution observed in uninjured lungs. Any functional consequences of this abnormally repaired epithelium are unknown at this time. The airway epithelium not only provides a barrier function for the respiratory tract but also serves multiple other functions related to immune responses, microbial defense, and response to injuries; any of these potentially could be compromised by abnormal epithelial structure. Results from our lung culture experiments indicated that at least one function, viz. the ability to prevent bacterial colonization of the lung under laboratory housing conditions, was not impaired in A/J mice following chlorine exposure. 5 . Clonal analysis in repairing epithelium after chlorine injury. Confetti/ cre mice were treated with tamoxifen to activate stochastic expression of fluorescent proteins and then were exposed to chlorine. Unexposed Confetti/ cre mice that received the same tamoxifen treatment were used as controls. 7 days after exposure, frozen lung sections were prepared and immunostained for Scgb1a1 and AcTub. Sections were imaged for red fluorescent protein (RFP) to visualize clusters of clonally derived cells. A: 1 RFP-positive ciliated cell in a section from an unexposed mouse. B: RFP-labeled clonal cluster of club cells in a lobar bronchus from a mouse 7 days after chlorine exposure. C: RFPlabeled clonal cluster containing both ciliated and club cells in a lobar bronchus from a mouse 7 days after chlorine exposure. Arrows indicate locations of RFP-labeled cell clusters. Dashed lines are drawn along the basement membrane so the location of the epithelial cell layer can be visualized. Scale bar in C represents 20 m for all panels.
Abnormal clusters of club and ciliated cells were observed in repaired airway epithelium 7 days after chlorine exposure. The processes controlling the production of club and ciliated cells from basal progenitor cells during repair of epithelial injury are not well understood. Notch (35) and Wnt/␤-catenin (4, 40) pathways have been implicated, but information about specific molecular mechanisms or other potential signaling pathways is lacking. One way that clusters of the same cell type may be generated is by clonal expansion of progenitors committed to that particular cell fate. Results of clonal analysis using Confetti mice were inconsistent with this possibility, as none of the observed clones were large enough to encompass the size of the clusters that were typically observed, and most labeled clones in repaired airway epithelium contained both club and ciliated cells. These observations are consistent with lineagetracing studies showing that basal cells proliferate and generate club and ciliated cells after injury (8, 16, 36) . Previous studies have also provided evidence that both club and ciliated cells can be produced directly from basal cells (13) . Thus the clusters of club and ciliated cells noted in the current study could have been produced directly from basal cell progenitors under local influences that drive cell differentiation toward club or ciliated cells. In vitro studies suggest that this may be regulated by paracrine influences from neighboring cells (14, 40) , but the identity of secreted factors involved in this process is not known at this time. We observed that, between 7 and 56 days after chlorine exposure, the abnormal epithelial cell distribution tended to become less pronounced, indicating a process toward normalization of the epithelial structure. This could potentially occur through 7 . Extent of pneumonitis in chlorine-exposed mice. A/J mice were exposed to chlorine, and lung tissue was collected 7, 14, 28, and 56 days after exposure for histological examination. Both sham-exposed and unexposed mice were used as controls. The volume fraction of inflamed lung parenchyma in the right lower lobe was measured at different times after exposure. Values are means Ϯ SE for n ϭ 5-13 mice per group; a P Ͻ 0.05 vs. sham.
continued differentiation of the repaired areas of the epithelium. Such a process was documented after naphthalene injury, in which the nature of lineage-tagged clones derived from keratin 14-expressing basal cells changed significantly between days 22 and 62 after injury (13) . Despite the restoration of a pseudostratified epithelium in larger airways after chlorine exposure, A/J mice developed a chronic state of injury and inflammation in the lung. This was characterized by neutrophils and large, foamy macrophages in the airspaces as well as increased levels of protein and cytokines in BAL fluid. Increased levels of cytokines involved in granulocyte mobilization and chemotaxis (CXCL1, CXCL5, and G-CSF) were consistent with the neutrophilic inflammation in the lungs of chlorine-exposed A/J mice. Neutrophilic inflammation is associated with microvascular leakage, which may contribute to the observed increases in BAL protein levels. The development of foamy macrophages appears to be a relatively nonspecific response of the lung to injury (7, 32, 34, 50) , infection (23, 33, 39) , the presence of foreign substances (25) , or deficiency of host factors (21, 26, 51) . Types of injuries that promote the development of foamy macrophages include phosgene (32) , wood smoke (34), welding fumes (50) , and ionizing radiation (7) . " [L] arge mononuclear cells with watery, vacuolated protoplasm" reminiscent of foamy macrophages were also described in early studies of the chronic effects of chlorine exposure in dogs (49) . The underlying cause of chronic inflammation in chlorine-exposed A/J mice was not apparent. Pneumonitis in lung parenchyma tended to be in areas near larger airways, which are injured by chlorine inhalation in this model. This observation suggests that injury from chlorine exposure may be propagated from the airways to the surrounding lung parenchyma, either by oxidizing species derived from chlorine (42) or by soluble factors such as inflammatory mediators or cytokines.
Culture experiments showed that the number of bacteria that could be isolated from the lungs of A/J mice was not affected by chlorine exposure. This finding ruled out increased colonization of the lung by opportunistic bacteria as a cause of the chronic pneumonitis that was observed. Previous work has shown that C57BL/6 mice exposed to chlorine were deficient in the ability to clear Aspergillus fumigatis that had been experimentally introduced into the lung (12) . In chlorineexposed mice, neutrophils migrated into the lung in response to Aspergillus challenge but exhibited impaired production of superoxide, which is necessary for effective fungal killing. Our results in A/J mice indicate either that neutrophil function is not impaired or that any impaired function is dispensable for controlling bacterial infection under normal laboratory conditions. Although the immune system is thought to maintain a sterile environment within the lung, we observed numerous bacteria in the lungs of sham-exposed mice. Bacteria are small enough that, when they are inhaled, a significant fraction may bypass the upper airways and reach the lung. Healthy host defense mechanisms will effect the rapid clearance of isolated bacteria before extensive proliferation and clinical infection result. Thus, at any given time, inhaled bacteria that have reached the lung but have yet to be cleared may be present, as we observed in both chlorine-and sham-exposed mice. These observations are consistent with recent studies in humans showing extensive diversity of bacterial species in the lungs of healthy individuals (2, 6) .
Previous studies in animal models have revealed pulmonary pathology following recovery from chlorine-induced acute lung injury. Dogs that were exposed to chlorine and then allowed to recover for 15 to 193 days exhibited chronic inflammation and bronchiolitis obliterans (49) . In these studies, it was suggested that this chronic lung disease resulted from bacterial infection of the injured lung. This contrasted with our results, which showed chronic inflammation in the absence of increased bacterial colonization of the lung. In studies using rats, some animals that recovered from chlorine exposure retained abnormal lung function, including increased resistance and airway hyperreactivity, for 1-3 mo (9). Chlorine exposure in A/J mice was previously shown to produce a host of acute effects, most of which normalized by 7 days after exposure (29, Fig. 8 . Bronchoalveolar lavage (BAL) macrophages (A) and neutrophils (B) in chlorine-exposed mice. A/J mice were exposed to chlorine, and cells were counted in BAL fluid collected from mice 14 and 28 days after exposure. Values are means Ϯ SE for n ϭ 5-7 mice per group; a P Ͻ 0.01 vs. sham. Fig. 9 . BAL protein in chlorine-exposed mice. A/J mice were exposed to chlorine, and total protein was measured in BAL fluid collected from mice 4, 7, 14, and 28 days after exposure. Values are means Ϯ SE for n ϭ 5-12 mice per group; a P Ͻ 0.01 vs. sham. 45 ). Parameters that remained altered 7-10 days after exposure (the longest recovery times examined in these studies) were increased collagen and smooth muscle surrounding airways and increased BAL macrophages and neutrophils (29, 45) . Rats examined 7 days after chlorine exposure had thickened airways, increased mucus production, and airway hyperreactivity, indicative of structural and functional abnormalities in the airways (10) . We previously showed that FVB/NJ mice exhibited inefficient epithelial repair after chlorine injury and rapidly developed severe airway fibrosis. These mice appear to be at one extreme in terms of susceptibility to delayed effects of chlorine. A/J mice had better epithelial repair and developed minimal fibrosis yet still showed manifestations of chronic injury and inflammation. Human populations show great variability in long-term outcomes after chlorine-induced lung injury, ranging from complete recovery to persistent abnormalities in pulmonary function and airway structure. Further understanding of the spectrum of delayed lung disease in A/J and other strains of mice may provide insight for how chronic lung pathology is maintained after recovery from acute chlorine lung injury and how chronic lung disease resulting from chlorine exposure may be treated. 10 . BAL cytokines in chlorine-exposed mice. A/J mice were exposed to chlorine, and 32 cytokines were measured in BAL fluid collected from mice 4, 7, 14, and 28 days after exposure. Results are shown for the 4 cytokines that were significantly increased after chlorine exposure. Values are means Ϯ SE for n ϭ 5-12 mice per group; a P Ͻ 0.01 vs. sham. LIX, LPS-induced CXC chemokine; G-CSF, granulocyte colony-stimulating factor. Fig. 11 . Bacteria cultured from chlorine-exposed mice. Lungs were collected from chlorine-or sham-exposed mice 28 days after exposure and homogenized. The number of bacterial colonies of different types that could be cultured from the homogenates is shown. Ir, iridescent (Klebsiella oxytoca); sm, small (Staphylococcus xylosus); pin, pinpoint (Lactobacillus johnsonii); tran, translucent (Enterobacter sp.). Horizontal lines indicate median values; error bars indicate interquartile ranges. No significant differences between chlorine-and sham-exposed groups were detected.
GRANTS
